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Thennodyiiainic  and  NMR  sttidies  of  solvent  effect  on  enantiofiieric  recognition  for  a  chiral  oceanic 

urnmniiiiii  catioo  chinl  djke(opyridin(>‘18-crofwn-6  type  ligands  at  2S.0°C 

JQanlQn  Zhang,  Reed  M.  batt,  Cheng  Y.  Zhu,  and  Jerald  S.  Bradshaw 


Abstract:  Three  chiral  diketo|^ridino-18-ciown-6  type  macrocycles  have  been  shown  to  exhibit  a 
hi^  degree  of  enantkxneric  recognition  townd  a-(  1  -na]did)yl)eihy  lainmoniutn  peidiloiate  (Nsq)Et) 
in  various  ratios  of  chlorofram/methand  (CDCI3/CD3OD)  and  1,2-dichloroethaneAnethanol 
(CjlUCli^CHaOH)  scdvent  mixtures  (from  100%  to  10%  methanol  component).  In  most  cases, 
differences  in  log  values  (Alog  AT)  for  (R)-  and  (5)-NapEt  conq>lexation  with  the  chiral 
macrocycles  ate  larger  dum  0.5.  The  degree  dT  the  enantiomeric  recognition  indicated  by  die  Alog 
K  value  changes  noticeably  with  the  Unary  solvent  components.  The  recognition  is  better  in  tiie 
solveots  having  a  moderate  methand  cootyoneot  tiian  in  die  binary  solvents  having  eidier  a  hig|i  or 
a  low  methanol  component  The  highest  degree  of  recognition  is  observed  in  ti/4  (v/v) 
CDQs/cPsOD  and  C2H4Cl2^3(Xl  solvent  mixtutes  and  in  a  7/3  (v/v)  C2H«a2^CH30H  mixture  for 
chiral  (S,5)-l  macrocycle. 


INTRODUCTION 

Enantiomeric  recognition,  a  iqiecial  case  of  mcdecular  recognition,  involves  discrimination  between 
enantiomers  of  guest  molecules  by  a  chiral  receptor.  The  successful  design,  synthesis,  and  use  of 
molecules  cq>able  of  enantiomeric  recpgnitkm  toward  other  qtecies  is  of  great  interest  to  workers 
in  asymmetric  syndiesis,  enantiomeric  separation,  enzyme  fiinctimi,  synthetic  enzyme  models,  and 
odier  areas  involving  chiral  recognition.  The  carefiil  characterizatitm  of  such  synthetic  systems 
could  lead  to  a  much  irqnoved  understanding  of  natural  systems.  One  area  of  recent  interest  is  the 
enantiomeric  recogniticm  of  chiral  organic  guests  chiral  macrocyclic  ligands.  Many  chiral 
macrocycles  have  been  synthesized  and  their  recognition  properties  toward  organic  enantiomers 
have  been  evaluated.^'^^  Our  interest  in  enanticnaeric  recognition  has  focused  on  the  interacritm  of 
chiral  macrocycles  containing  pyridine  units  with  chiral  organic  ammonium  salts.  Factors 
influencing  the  extent  of  enantiomeric  recognition  have  been  summarized.*^  They  include  rigidity 
of  die  macrocyclic  firame,  the  buUdness  of  die  subsdtuents  on  the  ligand's  chiral  centers,  the  type 
and  arrangement  of  the  donor  atoms  on  the  ligands,  the  locadcm  of  the  chiral  centers  on  die  ligands, 
and  the  nature  of  the  solvent  Anxmg  these  factors,  die  structural  effects  have  been  studied  much 
more  diorooghly  dian  the  solvent  effects. 

Since  mcdecular  recognition  normally  occurs  in  stdvent  ^sterns,  solvent  is  an  important  factor 
uduch  must  be  taken  into  consideration  in  understanding  chiral  interactions.  In  the  study  of  enzyme 
models,  for  exanqile,  an  razyme  exhibiting  recognititm  toward  a  certain  substrate  is  Uologically 
active  only  in  a  scdvoit  whose  properties  are  very  close  to  or  the  same  as  those  of  die  biological 
medium.  On  the  odier  hand,  a  promising  enzyme  may  never  recognize  any  substrate  if  the 
stdvent  used  is  significandy  different  finimdiat  of  die  biological  medium.*^  Because  die  process  of 
nxriecular  recogniticm  involves  steric  cxmtacts,  the  host-guest  complex  must  have  a  proper 
conformation  in  order  to  maximize  die  recc^tfon  of  die  substrate  by  the  host  molecule.  Therefore, 
die  extmt  of  nxtiecular  recogniticm  is  hi^y  sensitive  to  the  medium  since  die  solvent  molecules 
can  influence  not  only  die  stability  of  the  host-guest  ccmqilexes  but  also  dm  conformaticm  of  the 
cooqilexes.  It  has  been  shown  that  the  extent  of  enantiomeric  recogniticm  for  organic  ammcmium 
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catioiis  by  {9ridiiK>‘18-crowii-6  type  ligands  is  significantly  affected  by  inopeities  of  the  solvents 
in  whidi  the  chiral  interactions  take  place.^*^***^  In  chlorofonnMiethanol  (CDOs/CD^D)  and  1,2- 
dichkmiedianei/iniethanol  (CjH^C^CHjOH)  solvent  mixtures,  an  improved  degree  of  recognition 
usually  can  be  observed  conqwred  with  that  in  absolute  methanol.^  The  ratio  of  CDQs  to 
CIV)D  also  has  an  effect  on  tecognidtm.  For  interactions  between  (R,ft)-diriiethyldiketopytidino- 
18-ctown-6  (2,  see  Hg.l)  and  etumdomers  of  a-(l-nq>hdiyl)ediylammonium  perchlorate  (Nq)Et, 
see  Hg.l)  in  100%  CDbOD,  S/S  and  9/1  CDGa/CDsOD  mixtures,  the  highest  degree  of  tecognidon 
was  found  in  the  S/S  CDOa/CDsOD  solvent  mixture.^^ 

In  this  paper,  a  systenude  study  of  the  solvent  effect  as  dememstrated  by  different  rados  of 
CDCl3/CD3CX>andC2H4a^C3i^H  solvent  mixtures  (from  100%  to  10%  methanol  component)  on 
enandomeric  recogrudem  is  presented.  The  study  shows  that  the  solvent  coiiq)onent  has  a 
significant  effect  on  die  degree  of  recognition.  Dqiendence  of  enantiomeric  recognition  on  the 
binary  stdvent  systems  ixdiose  properties  change  in  a  systematic  way  by  successive  change  of  the 
methanol  conqxment  should  be  instructive  not  only  in  die  study  of  enantiomeric  recognidem  but 
also  in  odier  areas  of  mdecular  recogrution. 

EXPERIMENTAL 

Materials 

The  diketopyridino-18-crown-6  type  compounds  (1, 2, 3,  and  K2PI8C6,  Hg.l)  and  (jR)  and  (5) 
enandmners  of  NqiEt  were  prepared  as  rqiorted.^'^***  The  purities  of  the  chemicals  used  were 
diecked  by  elemental  analyses,  %  NMR,  and  IR  qiecttoscopy.  The  purities  were  also  determined 
quantitatively  by  a  dietmomeaic  titration  tedmique.^’  By  titrating  enantiomers  of  NtqiEt  widi  18- 
crown-6  (SIGMA  Chemical  Omqiany,  its  purity  was  99.5%  as  determined  by  thermometric 
titration  agaiiist  a  standard  NaBr  methanol  sdutioiL),  die  purities  of  die  NapEt  enantiomers  were 
found  to  be  (99.5  ±  0.3)%.  The  purities  of  L  2, 3,  and  K2PI8C6  were  determined  to  be  (99.0  ± 
0.8)%  with  the  same  method.  Methanol  (Hsher,  HFLC  grade),  1,2-dichloroethane  (EM  Science, 
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Spectrograde),  and  deuterated  methanol  and  chlon^orm  were  used  as  purchased  without  further 
purification. 

Deterndnation  of  Thcrmodymiinic  Quantities 

Log  Kt  Aff,  and  AS  values  were  determined  as  described  earlier^^  by  isoperibol  titration 
calorimetry  at  2S.0  ±  O.l^C  in  CsILCl^CHsOH solvent  mixtures.  The  initial  solution  volume  in  the 
dewar  was  20  inl«  The  caiorinMter  (Tnonac  Model  450)  was  calibrated  according  to  the  procedures 
described  in  the  literature.^^  In  order  to  avoid  large  heat  losses  caused  by  ev^roraticm  of  C2H4a2, 
the  reaction  vessel  of  the  calorimeter  was  modified  so  drat  an  immersible  magnetic  stuier,  instead 
of  a  glass  stirrer  nonnally  inserted  into  the  reaction  vessd  from  above,  was  used  to  stir  die  solution 
from  underneath.  The  reliability  of  the  equipmost  was  tested  by  determining  the  thermodyruunic 
quantities  for  several  standard  systems  at  2S**C,  such  as  18C6-Na+  Qog  K  »  4.36,  AH  =  -8.32 
kcalAnol)  and  18C6-a-idienylediylamtrxmium  perchlorate  (log  AT »  3.81,  AH  » -43.5  U/mol) 
ccHnplexation  in  methanol  (the  literature  values:  log  AT  s  4.36,  AH  » -8.36  kcalAnol,^  and  log  AT 
3.82,  AH  *  -43.7  kJArml,^^  reflectively).  The  method  of  calculating  log  AT  and  AH  values  from 
die  cakximetric  data  has  been  described.21 

Determination  of  Log  K  Values  by  A  Direct  IR  NMR  Method 
In  CDQa/CDsOD  solvent  mixtores,  log  AT  values  for  (5,5)-2  and  (5,S)-3  interactions  with  NapEt 
oiantiomers  were  determined  by  a  NMR  titration  procedure  using  a  Varian  Gemini  200  (2(X) 
MHz)  NMR  spectrometer  at  25.0  ±  0.1°C  The  eiqierimental  technique  has  been  described 
and  conastency  of  log  AT  values  determined  by  the  NMR  and  calorimetric  titration  twrhniqnftg 

has  been  verified.^  The  present  study  also  shows  excdlent  agreement  between  log  AT  values  for 
(5,5)-2  interactions  with  (R)-  and  (5)-Nf)Et  (2.47  and  2.06  fiom  calorimetric  method  and  2.46 
and  2.06  from  NMR  oqieriments  in  absolute  tnediarxil,  see  TaUes  1  and  2). 
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RESULTS  AND  DISCUSSION 

In  every  case,  (R)-Nq)Et  forms  thermodynamically  more  stable  complexes  with  (SJS) 
macrocyclic  ligands  dum  (S)-Nq)Et  Thermodynamic  quantities  in  Table  1  show  diat  formation  of 
die  cooqdexes  is  enthalpy  driven.  The  entity  change  is  unfavoraUe  in  each  case.  The  AH  value  is 
mne  negative  for  each  (i?)-N^)Et  cooqilexaiitm  than  duu  for  (S)-Nq>Et  cmiqilexadon,  indicating 
dial  the  enthalpy  dianges  always  contribute  to  aumdomeric  lecognidon  in  die  qrstems  studied.  The 
recognition  of  NiqiEt  enantiomers  by  the  three  chiral  rrucrocycUc  hosts  is  excellent  in  solvent 
mixtures  of  CDOsACDsOD  and  C^i4ayCH jOH.  In  most  cases,  differences  in  log  K  values  (Alog  K) 
for  (Ry  and  (S)-Niq>Et  conqilexation  with  the  chiral  macrocycles  are  larger  than  0.5.  The  largest 
Alog  K  value  observed  is  0.72  (Niq>Et-(5,5)-l  interactions  in  7/3  CjHtOa^sOH),  corresponding 
to  a  S.3-fold  difference  in  binding-constant  values. 

Dependence  of  log  K  and  Alog  K  values  with  die  solvent  cooqionents  is  plotted  in  Figures  2 
and  3.  In  the  figures,  4d  and  ate  volunte  fractions  of  C2H4a2and  CDCI3  in  die  binary 
C2H4CVCH^  and  CDCI3/CD3OD  solvents,  respectively.  The  stability  of  bodi  (Ry  and  (5)-NapEt 
conqilexes  increases  widi  decreasing  methanol  conqxment  of  the  solvent  mixtures  increasing  ^ 
and  ^).  This  is  expected  since  the  low  polarity  of  the  solvent  mixtures  caused  by  decreasing 
methanol  component  should  result  in  weaker  solvent-solute  interactions  and  the  host-guest 
interactions  should  increase  in  magnitude  as  the  pcdari^  of  die  solvoits  decreases.  It  is  wordiy  of 
note  diat  the  increasing  rates  of  log  iST  values  widi  increasing  ^  and  ^  are  different  for  the  (R)- 
and  (5)-Niq)Et  interactions.  This  effect  is  significant  in  determining  the  degree  of  enantiomeric 
recognition,  which  will  be  discussed  bdow. 

Solv«nt  Dependence  of  Enantionwric  Recognition 

Log  K  values  in  TaUes  1  and  2  show  an  appreciable  solvent  dependence  of  enantiomeric 
recognition.  The  degree  of  die  recognition  in  the  solvent  mixtures  having  a  moderate  methanol 
component  is  higher  dian  that  in  the  solvent  mixtures  having  either  a  high  or  a  low  methanol 
comptment  When. die  vtdume  fraction  of  C^i4Cl2or  CDOa  or  increases  from  0  to  0.9 
(methanol  cmrqxment  of  the  solvent  mixtuies  decreases  from  \OQ%  to  10%),  the  degree  of 
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enantiomerk  itcognitkm  in  toms  of  Alog  AT  values  first  increases  to  a  peak  value,  then  decreases. 
The  highest  degree  (Precognition  for  (54^2  intenctions  witii  (Ry  and  (5)-Niq>Et  is  observed  in 
both  6/4  CDCls/CDsOD  and  6/4  C2H4CI2/CH3OH  solvents.  In  the  case  of  (5.5)-3,  the  peak 
recognition  is  also  found  in  tiie  6/4  CDCI3/CD3OD  mixture.  However,  the  best  recogniticxi  of 
enantiomers  of  Nq»Et  by  (SjSyi  occurs  in  a  7/3  C3H4G3/CH30H  solvent  mixture.  These  facts  are 
shown  in  figures  2  and  3.  The  different  recognition  behavior  of  1  from  that  of  2  and  3  can  be 
attributed  to  the  largerdiameter  of  die  sulfur  atoms  of  1  compared  to  that  of  the  carbonyl  oxygens 
of  2  and  3.  The  bulky  sulfur  atoms  present  stronger  steric  repulsi(»  between  the  host  and  guest 
mcdecttles,  resulting  in  die  best  ieoogniti(»  (xxurting  in  die  less  polar  7/3  C2HiCI2/c:H}OH  solvent 

The  peak  recognitions  are  a  result  ci  different  rates  of  increase  in  binding  constants  between 
(1?)-  and  (5)-Nq>Et  conqilexatitm  widi  the  macrocycles.  Before  the  peak  recogniticm  (4c  <  0.6,  4d 
<  0.6  for  2,  and  4d  <  0.7  for  1),  the  increadng  rates  of  log  K  with  decreasing  methanol 
component  of  die  scdvent  mixtures  are  greater  for  (i?)-Nq)Et  dian  those  for  (5)>Nq>Et  (see  Hgnres 
2  and  3).  The  slopes  of  die  plots  of  log  K  vs.  solvent  composition  for  (i?)*NapEt  are  larger  than 
dxMe  for  (S>>NiqiEL  This  observation  indicatBS  dutt  (iO*NapEt  interaction  with  chiral  macrocycles 
experiences  less  steric  hindrance  titan  the  (5>-N^iEt  interaction  when  the  host-guest  interactions 
become  stronger  widi  decreasing  polarity  of  the  scdvoits.  After  the  peak  recognition  (4c  >  0.6,  4d 
>  0.6  for  2,  and  4d  >  0.7  for  1),  the  opposite  situation  happens.  The  slopes  in  Hgnres  2  and  3  for 
(i?)-NtqiEt  are  smaller  dum  those  for  (5)-Niq>Et,  indicating  that  in  low  polar  solvents  the  log  AT 
values  for  (S)-NqiEt  cocqilexation  increase  more  quickly  dian  diose  for  (i?)-Nq)Et  complmcati<m 
udien  die  noedunol  component  decreases. 

fti  general,  two  lands  of  interactions  with  Of^iositB  effects  on  the  complex  formation  exist  in 
diital  macio^cle>Nq£t  systems.  A  stable  coneplex  results  ftom  tripcxl  hydrogm  bonding  and  x*x 
overlap.**'2Sj6  ^he  tripod  hydrogen  bending  forms  between  three  hydrogen  atcmis  of  the 
ammonium  km  and  a  pyridine  nitrogen  and  two  alternate  oxygen  atoms  of  the  macrocycle  and  x-x 
ovtt\ap  htqipens  between  die  pyridine  ting  oS  the  macrocycle  and  niqdithyl  group  of  the  N^iEt 
molecule.  The  second  kind  of  intetactiem  is  the  steric  rqwlskm  between  die  groups  at  die  dural 


6 


centers  of  the  organic  ammonium  ion  and  macrocyclic  ligand,  which  results  in  a  decrease  in  the 
ctxnplex  stability.  This  repulsitm  is  expected  to  be  larger  for  (S)-NapEt  interaction  with  the 
macrocycles  than  for  (l?)-Nq>Et  interaction,  so  that  the  macrocyclic  ligands  display  enantiomeric 
recognition  toward  the  chiral  ocganic  ammonium  cations.  However,  when  the  methanol  conqxment 
is  decreased  to  a  certain  extent  in  the  solvent  mixtures,  the  interaction  between  NapEt  and  the 
macrocycle  bectxnes  so  stnmg  that  the  steric  contact  between  host  and  guest  species  becomes 
uninqiortant  as  compared  with  the  binding  interactions.  Thus,  in  low  polar  C2H4CVCH3OH  and 
CDQa/CDsOD  solvents  (ratios  of  C2H4ClaCH30H  and  CDOa/cn^OD  larger  than  ti/4)  a  faster  increase 
in  binding  ccmstants  for  (5)-Niq)Et  than  for  (^)-NipEt  interatkuis  is  observed  when  polarity  of  the 
solvents  is  decreased  (see  Hgures  1  and  2,  tiw  slt^ies  for  (5)-NapEt  are  larger  than  for  (RyNapEt 
in  high  ^  and  ^  regions).  As  a  result,  the  degree  of  the  recognition  decreases.  Therefore,  one  role 

of  the  solvent  is  to  keep  a  moderate  interactkm  sttengdi  between  host  and  guest  species  so  that  the 
chhal  groups  can  perfonn  tiieir  part  well  in  enantiomeric  recognition. 

CONCLUSIONS 

The  chiral  macrocycles  exhibit  the  best  recognition  toward  the  enantiomers  of  Nq>Et  in  the 
CDO3/CD3OD  and  C2H4CiyCH30H  solvent  mixtures  having  a  moderate  metiuuiol  component  The 
degree  of  the  recognition  decreases  in  absolute  metiianol  and  in  the  Unary  solvents  having  a  high 
or  a  low  naetiumd  coir^xxient  The  best  recognition  is  achieved  by  regulating  the  ctuiformation  of 
the  host'guest  coiiq>lexes  in  different  binary  solvent  mixtutes.  There  should  be  a  most  favorite 
conformation  in  which  die  chiral  macrocyclic  host  can  make  fiiU  use  of  its  chiral  centers  to  perfonn 
optimum  recognition  toward  die  guest  molecules.  Both  polarity  of  solvents  and  properties  of 
solvent  molecules  have  significant  effects  on  modification  of  die  conoplex  conformation. 

The  medium  is  important  in  molecular  recognition.  An  appropriate  host  molecule  which  has 
chiral  center(s)  and  may  di^lay  enantiomeric  recognition  toward  chiral  guest  molecules  can  make 
ftill  use  of  its  tecogniticm  dements  mly  in  a  certain  medium.  Therefore,  a  careful  chUce  of  the 
advent  system  usually  plays  a  k^  role  in  obtaining  a  maximum  degree  of  molecular  recognition. 
Two  foctors,  die  structure  oi  die  host  and  guest  molecules  and  die  medium,  have  different  effects 


on  moleculnr  recognition.  The  structure  factor  refers  to  whether  or  not  a  guest  iix>lecule  exhibits 
recognition  toward  hosts.  For  example,  the  achiral  K2PI8C6  can  not  display  enantiomeric 
recognititm  in  the  C2H4C1]/CH30H  solvent  systems  of  tiiis  study  since  it  has  no  chiral  center.  The 
medium  fiictor  refers  to  d»  ability  of  the  solvent  to  alter  die  degree  of  recognition.  A  good  receptor 
is  an  essential  prerequisite  for  molecular  recognition,  but  maximum  recognition  can  be  obtained 
cmlyly  providing  a  proper  medium. 
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Tririe  1.  log  IT,  All  O^Aixrf),rAS(lJ/aM)l),  and  AlogiC  Values*  Detennined  by  Calorimetric  lltratkm  fix  Inten^onscrfMaciocyclic 
Ligands  with  Enandomen  oi  Ni4>Etl^  in  Different  Ratios  (v/v)  of  1,2-Dichloroethane/Methan(d  (C2H4a2lCH30H)  Mixtures  at  2SXfC 
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TaUe  2.  log  K  and  Alog  K  Values*  Determined  NMR  Method  for  (5^2  and  (SyS)>3  Interactions  with 
Enantiomers  dt  Nq>Et^  in  I^fferent  Ratios  (v/v)  of  ChkxofomVMethanol  (CDOa/CDsOD)  Mixtures  at  2S.0°C 


« 


1 

§ 

o 

o 

m 

o 

O 

o 

-M 

-H 

■H 

■H 

d 

f? 

d 

«*» 

«** 

1 

«»» 

Q 

O 

o 

o 

O 

+t 

■H 

•H 

•H 

00 

O 

O 

d 

d 

r; 

M 

«n 

i 

o 

o 

00 

o 

o 

+1 

•H 

»r> 

•H 

+1 

5 

O 

d 

04 

d 

d 

i 

o 

o 

O 

cS 

•H 

■H 

+1 

•H 

*n 

o 

«n 

irt 

d 

2 

«n 

s 

d 

c*» 

z. 

o 

•H 

o 

■H 

e 

•H 

O 

+« 

Ot 

O 

«*> 

o 

3 

«*» 

d 

i 

i 

§ 

« 

s 

o 

•H 

o 

+t 

§ 

0.40 

c> 

•H 

d 

e> 

•H 

«»* 

•n 

d 

0.41 

•o 

■o 

»e 

s 

1 

1 

M  .O  U  *0 


I 


«  Ref.  16. 


Figure  1.  Structures  of  macrocyclic  ligands  and  a>(l-naphthyl)ethylaminonium  perchloratti 
(NapEt). 


Figure  2.  Plots  of  log  K  and  Alog  K  values  for  interactions  of  (5yS)-l  and  (SyS)-2  with  (/?)-  and 
(5)-NapEt  vs,  the  volume  fraction  of  l^-dichloroethane  ($d)  in  binary  solvent  mixtures 

of  1,2-dichlotoethane/methanol  (C2H4CI2/CH3OH). 


Figure  3.  Plots  of  log  AT  and  Alog  K  values  for  interactions  of  (S  J)-2  and  (5^-3  with  (/?)-  and 
(5)>NapEt  vs.  the  volume  firaction  of  chloroform  in  binary  solvent  mixtures  aS 

chloiofonn/methanol  (CDQs/CDsOD). 


